Unmanned surface vehicle (USV) system has been one of main research directions in mobile robotics because it can be used in many situations. However, high performance path following control, especially straight line tracking control, has been one of the difficult problems in autonomous control of USV system. In this paper, we propose a new straight line path following control algorithm by combining yaw angle feedback and back-stepping technique and show its closed loop stability. The most absorbing advantage of the proposed controller is that it not only reserve the good performance of back-stepping controller but also bring much faster convergent rate, which is very important in real applications. The simulation results with respect to a training ship model have shown the feasibility and validity of the proposed method.
Introduction
Unmanned surface vehicles (USV) which is under-actuated has been becoming a new focus in the researches of autonomous mobile vehicles especially precisely tracking the desired trajectory. Many researches on the trajectory tracking of USV system has been published before 1999 [1] , among which back-stepping technique, Lyapunov direct method and parameter inject method are most often referred to.
In [2] and [3] , two exponential stable tracking control algorithms have been introduced using time-invariant discontinuous feedback and integrator back-stepping technique respectively. However, one of the common disadvantages of these two methods is that they both require the desired yaw rate always nonzero. That mean, the USV system using controller in [2] and [3] can't track strait line. References [4] and [5] use input-output feedback linearization technique to realize the tracking control of USV system, wherein the global gradually stability is proved in [4] , but the performance of the controller depends on the redefined output variable. Which make these methods difficult to be used in real system. Reference [7] proposed a back-stepping method to stabilize the under-actuated ship, which has been showed to be good closed performance, however, the large convergent time is still a problem to be solved (see simulation results of this paper).
In this paper, in order to improve the closed loop performance of algorithm in [7] , we proposed a new state feedback control law by combining back-stepping technique and yaw state feedback compensation. By using the new designed controller, it is easy for the USV system to realize rapid and stable strait-line tracking.
This paper is organized as follows. Firstly, a brief mathematical description of the USV model, as well as controller in [7] , is given in section II; secondly, our new proposed feedback compensation control law is introduced in section III, and its closed loop stability is proved; subsequently, in section IV, a numerical simulation is conducted and discussed to verify the feasible and validity of the proposed algorithm; finally, conclusion is given in section V. USV model and nonlinear controller Model of USV. In reference [6] , a 3 DOF USV kinematical model is introduced as follows: cos sin sin cos
Where x,y, v, φ, r and u are respectively surge position, sway position, sway velocity, yaw angle, yaw velocity and forward speed. We assume the following assumption is always satisfied, Assumption:
The forward speed is always larger and not equal to zero, i.e. u=constant>>0, v≈0, i.e., U=(u 2 +v 2 ) 1/2 ≈u.
To the purpose of simplification, we consider only y and the yaw angle φ. Also, we assume the reference path is parallel to X axis which always points to North as shown in Fig.1 . System Eq. 1 can be rewritten as Eq. 2 and the control object is to regulate all states to zero point,
where δ is rudder control angle; T, K are maneuvering parameters; α is nonlinear parameter.
From Eq. 2, it is easy to conclude that USV system is an under-actuated system because sway displacement y and yaw angle φ can be regulated by only one control input, i.e., rudder control angle inducing torque moment. Fig. 1 shows the corresponding relation between the USV orientation and the reference path the USV system is required to follow.
Fig.1 USV path following
Nonlinear controller based on back-stepping technique in [7] . Using Lyapunov direct method and back-stepping technique, Li et.al [7] proposed a state feedback control law. Define 
We can get That means controller (6) makes system (2) globally asymptotically stable, that means, system (1) can follow the desired straight line path.
Feedback compensation
It has been proved that the algorithm in section II.B is global stable. However, one of the disadvantage of controller (6) is the closed loop has a relatively slow convergence rate (which can be showed by the simulation in section VI). This is mainly because the surge position x is not controlled in algorithm (6) , while, if the USV was heading in closed to North, the sway displacement y can converge to 0 more rapidly.
Therefore, in this section, in order to make the sway displacement y converge to 0 rapidly, a feedback compensation is introduced into controller (6) when the yaw angle (or sway displacement y) reduced to a pre-defined value. The added compensation term is as follows,
where k 1 is a positive constant to be selected later, φ r is a pre-defined value. Then we get: 3 
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Now we discuss the stable conditions about k 1 . When the yaw angle φ converges to 0, with designed parameter k (a little positive constant) in back-stepping control design in reference [7] and the Assuming in this paper, the Eq. 9 becomes 2 0 V z z z z z z = + + ≤ , that means, the close loop system is global stable. It should be noted that the above derivation is under the assumption that the heading of the USV system is perpendicular to X axis. Following virtue control design φ=arctan(-ky) in back-stepping control design in reference [7] , we can get the more easily realized design parameter k 1 from equation as: The analysis above indicates we can find a proper k 1 to compensate the yaw angle and keep the global stability of the close loop system.
Numeric simulation
To prove the method of the article, we use the training ship in article [5] as an example to design the controller, and compare the results of article [7] , [4] and mine. The ship is 126m long, 20.8m broad, full load draft 0.681, then can calculate K=0.478, T=216, α =30, ship velocity u=10m/s,v=0m/s, , controller k=0.0027. The controller algorithm is 3 Set initial values: y 0 =1000m, φ 0 =160°,r 0 =0°/s. Using Matlab/simulink, the following simulation results can be obtained (Fig. 2-Fig. 3 ). In all figures, the real line denotes the simulation results of our proposed method; the dash line is the simulation results of Li's back-stepping method [7] ; and the dotted line denotes the simulation results of input output feedback linearization method from Zhou et.al [5] . From the figures, the convergent velocity of our proposed controller is much faster than the other two controllers. Tab. 1 gives the quantitative comparisons of the convergent time of different controllers. 
Tab.1 comparisons of convergent time

Conclusion
Although back-stepping is an outstanding technique to design strait-line tracking controller with respect to under-actuated USV system as shown in reference [7] , its closed loop performance is still difficult to regulate, especially the convergent time. In this paper, in order to improve the closed loop performance of algorithm in [7] , we proposed a new state feedback control law by combining back-stepping technique and yaw state feedback compensation. By using the new designed controller, it is easy for the USV system to realize rapid and stable strait-line tracking. Stability proof and simulation results show the feasibility and validity of the proposed methods.
